Background and Purpose Cerebral autoregulation can be evaluated by measuring relative blood flow changes in response
Comparison of Static and Dynamic Cerebral Autoregulation Measurements
Frank P. Tiecks, MD; Arthur M. Lam, MD, FRCPC; Rune Aaslid, PhD; David W. Newell, MD Background and Purpose Cerebral autoregulation can be evaluated by measuring relative blood flow changes in response to a steady-state change in the blood pressure (static method) or during the response to a rapid change in blood pressure (dynamic method). The purpose of this study was to compare the results of the two methods in humans with both intact and impaired autoregulatory capacity.
Methods Using intraoperative transcranial Doppler sonography recordings from both middle cerebral arteries, we deter mined static and dynamic autoregulatory responses in 10 normal subjects undergoing elective surgical procedures. The changes in cerebrovascular resistance were estimated from the changes in cerebral blood flow velocity and arterial blood pressure in response to manipulations of blood pressure. Static autoregulation was determined by analyzing the response to a phenylephrine-induced rise in blood pressure, whereas rapid deflation of a blood pressure cuff around one thigh served as a Cerebral autoregulation (CA) refers to the ability in the brain to maintain constant blood flow despite changes in cerebral perfusion pres sure. 10 In the past, evaluation of CA was performed under steady-state conditions: a measurement of cere bral blood flow (CBF) is obtained first at a constant baseline arterial blood pressure (ABP) and constant CBF, followed by another (steady-state) measurement that is taken after the autoregulatory response to a manipulation of ABP has been completed. We have termed this method "static" autoregulation testing. If the blood flow changes significantly with either an increase or a decrease in ABP, CA is said to be impaired. If blood flow is maintained at or near the baseline level, despite a change in ABP, CA is said to be intact. 13 This method to evaluate CA requires time-consuming and/or invasive procedures such as the Kety-Schmidt technique4 or 133Xe measurements5 and manipulations of the blood pressure using vasoactive medications.
Aaslid et al6 introduced a noninvasive method using transcranial Doppler ultrasonography (TCD) to evalu ate CA in humans. This "dynamic" approach uses the rapid drops in ABP caused by the release of thigh blood pressure cuffs as an autoregulatory stimulus and com pares ABP and CBF velocity (CBFV) during the auto regulatory process. The validity of this method was questioned at the time because of the use of CBFV instead of CBF,7 but the method has subsequently been validated.810 It has also been shown recently by compar ison of TCD with CBF measurements according to the Fick principle that TCD is valid for static, or steadystate, measurements of CA.11
Static measurements evaluate the overall effect (effi ciency) of the autoregulatory action, ie, the change in cerebrovascular resistance (CVR) in response to the manipulation of ABP, but they do not address the time in which this change in CVR is achieved (its "latency"). Measurement of the dynamic response, however, yields information about the latency as well, which may be relevant in certain clinical conditions including head injury. Preliminary data (Aaslid et al, unpublished data, 1994) suggest that progressive impairment in autoregu lation first affects the latency and then the efficiency of the autoregulatory response. However, we are aware of no clinical study that systematically compares static and dynamic autoregulation in the same individuals. Therefore, our study investigated whether both meth ods correlate in patients with normal autoregulation and whether they show differences if autoregulation is im paired. Using TCD and ABP recordings, we studied both dynamic and static autoregulatory responses with intact autoregulation during propofol anesthesia and then again during high-dose isoflurane anesthesia. Isoflurane is known to impair CA in a dose-dependent manner,1215 whereas intravenous agents like propofol have little or no effect on CA.1416 Static and dynamic measurements of intact and impaired autoregulation were performed and analyzed to compare the results of the two measurement techniques. HR indicates heart rate; bpm, beats per minute; ABP, arterial blood pressure; Pco2, arterial carbon dioxide pressure; and CBFV, cerebral blood flow velocity.
Subjects and Methods
Ten adults (8 men and 2 women of physical status grade 1 or 2 according to the American Society of Anesthesiology) under going elective orthopedic surgery took part in the trial. The study was approved by the University of Washington Human Subject Review Committee, and written informed consent was obtained from each subject. A history or signs of cerebrovascular or cardiac disease and the use of psychoactive drugs were the exclusion criteria for the study. Anesthesia was induced with 2 to 2.5 mg/kg propofol, 3 |itg/kg fentanyl, and 0.1 mg/kg vccuronium and was maintained with 50% nitrous oxide in oxygen and 2 fig/kg per hour of fentanyl infusion in addition to either propofol or isoflurane. Additional doses of vecuronium were given as needed.
After intubation of the trachea, ventilation was adjusted to provide constant normocapnia as determined by repeated blood gas sampling. A phenylephrine infusion was maintained and titrated to keep the mean blood pressure between 70 to 80 mm Hg before steady-state testing. The first series of tests was performed during infusion of 180 to 200 Mg/kg per minute of propofol. Then propofol was stopped, and isoflurane was given to maintain a steady-state end-tidal concentration of 1.3% to 1.6%. At least 30 minutes was allowed to elapse after the propofol infusion had been discontinued, and 15 minutes of unchanged end-tidal isoflurane concentration was permitted before the second series of testing started.
In addition to routine monitoring including invasive ABP measurement, both middle cerebral arteries (MCAs) were iden tified by TCD according to standard criteria. 17 The transducers were then fixed in place with a custom-designed frame, and CBFV was continuously monitored at the depth of the best signal (44 to 50 mm) with TCD equipment (Multidop X, DWL) that provided simultaneous display and recording of ABP and CBFVs.
Static CA was tested by slow continuous infusion of phenyl ephrine to induce an increase in mean ABP of approximately 20 mm Hg (to not more than 110 mm Hg) while ABP and CBFV were continuously recorded. Static autoregulation (sCA) was calculated as the percentage change in estimated cerebrovascular resistance (CVRC) in relation to the change in ABP over the entire period of time needed for an ABP increase from baseline (1) to the higher level (2) . Estimating CVRC as CVRC=ABP/CBFV, we calculated static CA as sCA= (%ACVRc/%AABP)xl00% with %ACVRe = (CVRc2-CVRC1)/CVRC1 and %AABP=(ABP2-ABP1)/ABPI.
Thus, static CA values arc expressed as a percentage of full autoregulatory capacity. A change in CVR that would fully compensate for the drop in ABP would yield a static CA of 100%, and no change in CVR would yield a static CA of 0%.
Dynamic CA was assessed as previously reported'1 with the induction of a rapid-step decrease in ABP and comparison of the temporal courses of the return of ABP and CBFV to baseline. The ABP drop was achieved with the sudden release of a large blood pressure cuff around one thigh, which had been inflated to 30 mm Hg above the systolic ABP for 3 minutes. To test dynamic CA at the same ABP range as static CA, phenylephrine was titrated to maintain ABP at the upper level of the previous steady-state measurement (ie, at 90 to 100 mm Hg). Only steep drops in ABP of more than 15 mm Hg from this level were considered to be a sufficient stimulus. ABP normally remains lowered for approximately 20 seconds before gradually returning to its initial level. CBFV, in contrast, returns more rapidly to its initial level, depending on the autoregulatory ability. 6 The CBFV and ABP values after the cuff release are used to calculate an autoregulatory index that reflects the change in CVR per second in relation to the change in ABP. Triggered at the moment of the cuff release and based on the actual ABP curve of the following 30 seconds, a hypothetical CBFV curve without autoregulation is calculated by computer for this time span. This curve assumes that the CBFV passively follows the course of the ABP, ie, that the percentage changes in CBFV are equal to those of the ABP. If then, for example, the actual CBFV curve from a given test fit this computer model perfectly, the autoregulatory index would be 0. Nine other different computer models of possible CBFV curves are calculated as well, each assuming a higher degree of autoregulatory capacity (see "Appendix"). Each model curve is compared to the actual CBFV recordings for the best fit (ie, the lowest standard error of the mean of the differences between the actual and each hypothetical curve at each of the 30 seconds after the cuff release). The chosen model that best fits the actual CBFV curve is superimposed onto the actual CBFV curve on the screen for visual control of the fit (see Fig 2) .
Higher autoregulatory values indicate increasingly better dynamic CA. For example, under resting conditions (light propofol anesthesia) our subjects had a mean autoregulatory index of about 5 (4.8±1.0, mean±SD).
All calculations were performed off-line using the time-aver aged mean velocities of the maximum velocity outlines of the Doppler spectrum and mean ABP. Values for each MCA were analyzed separately. Data were analyzed using Student's t test and simple regression analysis and are shown as mean±SD.
Results
Demographic data and results for heart rate, Pco2, baseline ABP, and velocities after induction of anesthe sia are presented in Table 1. Table 2 shows •Significant difference between beginning and end of static testing (P<.05 by Student's f test). tSignificant difference between isoflurane and propofol (P<.05 by Student's f test).
Pco2, was noted between the two test series other than a significant increase in CBFV from 38 cm/s under propo fol anesthesia to 51 cm/s under isoflurane anesthesia (P<.0001).
Static Autoregulation
During testing of static CA, phenylephrine raised ABP in both series by a mean of 24±4 mm Hg, without a significant difference between the two test series. Typical examples of individual subjects for ABP and CBFV record ings during static testing with intact (propofol) and im paired (isoflurane) autoregulatory capacity are shown in Fig 1. Characteristically, with propofol the rise in ABP showed only little effect on CBFV, whereas high-dose isoflurane often produced a pressure-passive change in CBFV. The mean reduction in static CA from 85 ±20% to 37±30% was significant (F<.0001), although autoregula tion was preserved to a variable degree in some individuals.
Dynamic Autoregulation
Typical recordings of dynamic autoregulation testings of individual subjects are displayed in Fig 2. The mean drop in ABP that was induced by the cuff release was 20±4 mm Hg (range, 15 to 28 mm Hg; a drop of less than 15 mm Hg was not acceptable and occurred in three subjects, all of whom demonstrated major drops after repetition of the test). Similar to static CA, the dynamic response showed a clear impairment with isoflurane. The autoregulatory index dropped from 4.8±1.0 with propofol to 2.3±1.3 with isoflurane (/><.0001). There were only two subjects (patients 3 and 10 in Tables 1 and 2 ) in whom dynamic CA was not markedly reduced by high-dose isoflurane. These indi viduals also demonstrated little or no impairment during static testing. Interestingly, those two subjects were the youngest. There was no other characteristic variable that distinguished these subjects from the others.
Simple regression analysis comparing all correspond ing static and dynamic data shows a good correlation between static and dynamic CA (r=.93, P<.0Q0l; Fig 3) .
Discussion
We have shown that static, or steady-state, and dy namic tests of autoregulation yield similar results in normal anesthetized adults with intact or impaired au toregulation, thus demonstrating a good correlation between both methods.
Before we discuss the theoretical and clinical implica tions of our findings, several methodological aspects of the study require discussion. First, patient selection and concomitant drug administration, as well as the circum stances of surgery, may have had an influence on the results. We chose a sample of relatively young patients undergoing elective surgery without any evidence of cerebrovascular or cardiac disease to minimize the chance of preexisting abnormalities or possible inhomogeneity. We did not randomize the anesthesia sequence of the study because we wanted to verify that patients studied had intact autoregulation at the outset. We also tried to avoid testing during peaks of surgical stimula tion; however, there still may have been differences in CBFV from surgical stimulation, since sensory stimula tion in the periphery is associated with an increase in CBF in the contralateral hemisphere.18 Data analysis from our bilateral recordings, however, did not reveal marked side-to-side differences. Moreover, we also al lowed a period of stable velocity before proceeding with the study.
Second, the concomitant drugs that were used during the induction and maintenance of anesthesia and to ISO- maintain or raise ABP are very unlikely to affect any aspect of CA. Fentanyl19 and nitrous oxide12 are not known to cause impairment of autoregulation. Addition ally, if these agents had an effect on CA, one wouid expect this to affect both static and dynamic CA, al though a differential effect could theoretically occur.
Phenylephrine, which was used not only to raise ABP for static testing but also to maintain it in the respective desired range, could interfere with CA measurements if it had a direct vasoconstrictive effect on cerebral resis tance vessels or the MCA. It was shown, however, by l3SXe CBF measurements that intracarotid application of epinephrine or norepinephrine does not influence re gional CBF in humans, nor do these drugs change the diameter of the larger arteries as shown by angiography. 20 In another study it was demonstrated that phen ylephrine is able to increase CBF after hemorrhage during isoflurane anesthesia in rats, again suggesting that there is no relevant vasoconstriction of cerebral resistance vessels.21
The use of TCD for CBF measurements also must be addressed. A constant diameter of the insonated vessel, ie, the MCA, is required during the autoregulation test to interpret relative changes in CBFV as relative CBF changes.7 There is, however, considerable evidence that the MCA diameter remains practically constant during different autoregulation tests. It has been demonstrated by simultaneous comparison of CBFV measurements of cerebral arterial inflow and venous return9 and also by direct correlation with electromagnetic flowmetry810 that MCA velocity measurements during dynamic auto regulation reflect relative changes in blood flow. More over, it has been demonstrated recently that CBF mea surements using xenon washout and the Fick principle11 correlated closely with changes in CBFV. Additional evidence for this assumption is derived from experi ments in which direct visualization of the MCA during craniotomy revealed no significant change in vessel caliber during changes in ABP. 22 The TCD method therefore appears to be a valid tool to evaluate both dynamic and static CA.
• ■ Dynamic autoregulation tests from individ ual subjects with intact (left) and impaired (right) autoregulation. V axis, mean arterial blood pres sure (ABP) in millimeters of mercury and mean velocities in the left (MCA L) and right (MCA R) middle cerebral arteries in centimeters per second; X axis, time in seconds. While the upper part of each figure presents the actual ABP recording during the cuff release (onset of time count), the two lower panels display the actual velocity re cordings in each MCA with a superimposed curve. This curve represents a velocity course, which was fitted to the actual curve under the assumption of a certain autoregulatory capacity as quantified by the displayed autoregulatory index (ARI). In intact auto regulation (left), the velocities return to baseline con siderably faster than the ABP, demonstrating ARIs of 5 and 6, whereas in impaired autoregulation (right) the response is slowed down (ARI of 2). Static and dynamic testing of autoregulation may assess some different aspects of the cerebral response to changes in ABP. Autoregulation has been found to be a complex phenomenon, showing heterogeneity in its site and time course of action.2325 Since metabolic, myogenic, and possibly endothelium-related mechanisms may be involved,2--U4-26-28 several factors may vary de pending on the challenging stimulus, the vessel tone, or the degree of impairment of CA. During static testing, our stimulus consisted of an increase in ABP, which should induce vasoconstriction of the resistance vessels to account for the autoregulatory response. During dynamic testing, ABP is lowered, which should lead to vasodilation of the arterioles. Vasoconstriction and vasodilation, however, could depend on different mecha nisms of action, which could vary individually or could be affected to a different extent if autoregulation is im paired. Even if the underlying mechanism was the same, it could be hypothesized that the abilities to dilate or constrict the cerebral arterioles may show some normal variability within individuals, which could lead to a less exact correlation if the two methods were compared at intact autoregulation alone. The vascular tone at the time of testing may affect the autoregulatory response. Aaslid et al6 have shown that hypocapnia (leading to an increase in vascular tone) enhances dynamic CA, whereas hypercapnia (causing a decrease in vascular tone) reduces the autoregulatory response. Improvement of impaired static CA with hyperventilation has been reported in patients with focal brain lesions, suggesting that the efficiency of static CA also depends on vascular tone.29 Isoflurane has some intrinsic vasodilatory effect on cerebral arterioles, whereas propofol has vasoconstrictive properties. This is the reason for the significant difference in CBFV between the propofol and the isoflurane series. There fore, it is likely that the vascular tone differed between both series.
The overall correlation between the two methods was good despite these considerations, suggesting that the different aspects of autoregulation respond similarly in intact as well as in severely pharmacologically impaired autoregulatory capacity. Autoregulation, however, is not an "all or none" phenomenon. Since the ability to autoregulate was almost abolished by the selected dose of isoflurane in most of our patients, the possibility remains that some aspect of autoregulation is affected first if minor impairment occurs. It seems likely, for example, that dynamic CA is initially more reduced than static CA if impairment of the autoregulatory process affects first the latency of CA and then its efficiency. Furthermore, our study cannot answer whether different mechanisms of impairment of autoregulation (eg, intracranial pathology) would lead to different results or whether the correlation would be as close in elderly subjects.
For clinical purposes, however, it seems to be fair to assume that dynamic testing reflects most aspects of the autoregulatory response correctly. Thus, evaluation of dynamic CA by TCD may be useful for patient manage ment. A variety of pathological conditions including brain trauma, subarachnoid hemorrhage, and focal is chemia affect the autoregulatory abilities to a variable extent.25-3335 Since in severely impaired CA the brain is obviously no longer protected from the effects of both hyperperfusion and hypotension, and the effect of im portant drugs (eg, mannitol36) might be dependent on intact CA, routine assessment of CA may add useful information in severe cerebral disease. Further studies are needed to determine the role of autoregulation testing in the clinical management of patients with conditions that lead to CA impairment. where dP is the normalized change in mean arterial blood pressure (MABP) from its control value (cABP), including the effect of the critical closing pressure (CCP), which was assumed to be constant at 12 mm Hg in the present study. (This parameter can later be estimated individually.) MABP was obtained by filtering the pulsatile ABP at 0.5 Hz. cVmca is control velocity in the MCA. The control values were obtained as explained in "Methods." This mathematical model was characterized by three parameters: T, the time constant; D, the damping factor; and K, the autoregulatory dynamic gain. These parameters were related to the dynamic autoregulatory index and to the dynamic rate of regulation as shown in Table 3 . Figure 4 illustrates autoregulatory responses according to the model.
